Increases in environmental contamination lead to a progressive deterioration of environmental quality. This 
The publication of Rachel Carson's Silent Spring in 1962 (1) spoke to the American public about the direct link between the health of the ecological environment and the health of humanity. Since that time, all facets of American society have stepped up their efforts to prevent environmental degradation. Congress passed the Clean Air Act and the Clean Water Act and established the U.S. Environmental Protection Agency (U.S. EPA). Study results of the extraand intramural research programs of the National Institute of Environmental Health Sciences have contributed to the increasing public awareness that human diseases often have preventable environmental components. Pollution prevention and environmental remediation are interwoven into all strategies proposed for sustaining human and environmental health. Remediation based on pollutant metabolism or absorption by normal, selected, and/or genetically engineered microbes is emerging as a distinctive and promising approach to cleaning up polluted environments. Harnessing microbial processes for good, rather than experiencing their harmful attributes as propagators of disease, is the goal of bioremediation. In the following review we describe current and emerging measures of remediation based on biologically active cells and organisms and focus on microbial processes. Microbes play an essential role in nature's cycles and they are the primary stimulant in bioremediation of contaminated environments (2) (3) (4) (5) (6) (7) . In the natural cycles for the transformation of mercury, for example, bacteria are important for most of the reactions illustrated in Figure 1 .
Most elements exist in a variety of forms that differ in their availability and toxicity to humans and to other forms of life. To meet the challenges presented by environmental pollution, the goal of bioremediation (together with prevention and chemical and physical approaches to remediation) is to reduce the amount and availability of hazardous chemical compounds and convert them to useful or at least innocuous products.
Bioremediation systems generally utilize microbes (bacteria, fungi, yeast, and algae) or microbial products for the degradation or concentration of waste, although in some cases higher plants are also being developed for this purpose (8) (9) (10) (11) . Novel metabolic opportunities are introduced as a result of species selection. For example, enzymes found in the fungus Phanerochaete chrysosporium (white rot fungus) effectively degrade some wastes that prove resistant to most bacterial action (e.g., DDT and 2,4,5-trichlorophenoxyacetic acid).
The need for a biological approach to improve environmental conditions directly relates to the increasing size of the human population on a planet of finite dimensions. The estimated population of the earth in 1996 is 6 billion people, but by the year 2100 the number is expected to almost double (12) . Whereas the number of population doublings that might be sustained by advances in technology (without bringing unbearable pain and suffering) may be argued, no one believes that such an increase can go on indefinitely, and there are already great inequities in degree of pollution-related suffering among populations (13, 14) . As populations grow in size, increases in a variety of adverse human Hg°F igure 1 . The transformation, cycling, and movement of mercury in the environment. Mercury transformations are made primarily by the action of bacteria. Physical conditions, such as temperature and pH, also have major role-determining equilibrium values in mercury transformations, and thus availability to man. Anthropogenic input of mercury into the environment also affects the equilibrium. Unlike lead, for which there are monitoring data to show appreciably decreased concentrations in the atmosphere in recent years, the concentration of mercury seems to be increasing.
health and ecological effects (and associated costs such as health care expenses) are also expected.
The U.S. EPA's Toxic Substances Control Act Chemical Inventory includes over 72,000 chemicals, with approximately 2300 new chemicals submitted to the U.S. EPA every year (15, 16) . Along with population increases, the number of different chemicals and the total amount of chemicals produced are also bound to increase in the future. In 1990, the total release of toxicants into the environment by U.S. manufacturers was approximately 4.8 billion pounds (17) . In addition, large quantities of a number of toxic products are released into the environment by end users in more or less unaltered form. These products include those designed for household use as well as industrial materials such as fuels, detergents, fertilizers, dielectric fluids, preservatives, flavorings, flame retardants, heat transfer fluids, lubricants, protective coatings, propellants, pesticides, refrigerants, and many other chemicals. Such materials or their breakdown products often accumulate in soil and aquifers near landfills and dumps, in surface lakes and streams, and in sediment. These pollutants are present not only in concentrated waste sites but are widely distributed throughout the environment, although in many cases at levels too low to trigger regulatory action. The kinds and amounts of these chemicals are also likely to increase as populations of humans swell.
Bioremediation is not new to the human race, although new approaches that stem from advances in molecular biology and process engineering are emerging. An important, long-standing, and increasingly problematic bioremediation area is processing biological nitrogen waste (feces and urine) produced by humans and the animals that humans depend on for food. As human population size, industrial production, and chemical use have increased, so have populations of farm animals. In North Carolina alone, approximately 27 ,000,000 tons of fresh manure containing 205,000 tons of nitrogen, 138,000 tons of phosphorus, and 133,000 tons of potassium were generated by food animals in 1993 (18) . Much of this waste ends up in river waters and estuaries, where it causes enormous problems, with secondary contributions to air and groundwater pollution (19) (20) (21) (22) (23) (24) . It is no wonder; worldwide, the effects of poor water quality are second only to malnutrition in the total disease burden and cause of death of human beings (25) Regardless of which secondary process is used, without further (i.e., tertiary) treatment, large amounts of nitrogen and phosphorus remain in secondary STP effluent (26) . These inorganic nutrients in turn encourage algal and phytoplanktonic growth in receiving waters. Ultimately, these organisms die and decompose, which consumes oxygen and thereby promotes hypoxic and anoxic conditions. Fish kills resulting from oxygen deprivation are notable consequences; in extreme cases, millions of fish are killed (23, 27, 28) . The technology to remove both nitrogen and phosphorus (and as a result, counteract these effects) has been available for some time (29) . Inorganic phosphorus can be precipitated from solution by the addition of calcium (as lime, CaO), aluminum (as alum, aluminum sulfate), or a variety of other relatively inexpensive chemicals. Nitrogen can be removed both chemically and biologically. Most of the nitrogen in secondary sewage effluent occurs as ammonium ion (NH4+). The process of ammonia stripping involves the conversion of NH4+ to ammonia gas (NH3) by raising the pH along with vigorous agitation. However, the liberated ammonia gas then becomes a potential atmospheric pollutant. Biological conversion of nitrogen gas (N2) by denitrifying bacteria is an alternative approach, although there are other approaches as well, e.g., break point chlorination, reverse osmosis, and distillation (30, 31) . In spite of the available technology, implementation has been limited, and eutrophication, caused in part by the effluent of STPs, still commonly occurs in many coastal regions throughout the world.
The discharge of STP effluent on land rather than in water has been tried many times, often with at least initial success (32) (33) (34) (35) (38) . Other disadvantages are the increased risk of exposure to disease pathogens and the gradual accumulation of heavy metals in soils such that the growth of crops can eventually become inhibited (39) . In spite of these problems, land application of STP effluent has been remarkably useful in many cases, e.g., the reclamation of strip-mined soil (40, 41) .
It is estimated that more than half of the rainwater that falls on the United States is converted to wastewater by people, cities, and industry (42 (46) . Pathogens are also found in animal waste, and the presence of nitrogen together with microbial contamination may exacerbate the expression of disease.
Improved bioremediation of biological wastes is envisioned as a necessary first step in breaking the chain of events associated with microbial pathogenesis. In England, the recent outbreak of bovine spongiform encephalopathy (Mad Cow Disease) that is believed to be associated with CreutzfeldtJakob disease in humans has increased concern over disease transmission from food animals to humans (47, 48) . In fact, a great many microbial diseases (zoonotic diseases) can and often do cross over to affect humans. Diseases (69) , Antonovics and Bradshaw (70), and Baker and Brooks (71) . As these and other authors, e.g., Shann (72) , point out, such organisms may provide the opportunity to return waste material to useful products rather than merely transform them to innocuous substances. However, a practical phytoremedial technology remains to be developed, although progress has been made with transgenic Arabidopsis thaliana expressing merApe9 (73) . Grown on medium containing HgCl2, at concentrations of 25 to 100 M (5-20 ppm), these transgenic merApe9 seedlings evolved (90) . Molecular probes make it possible to test a small, mixed microbial population for specific degradative enzyme genes (91) . Gene probing can also give an indication of the natural abundance of organisms with the potential to degrade specific pollutants at a given site. Some organisms have the capacity to utilize an environmental contaminant as a food source and thus grow and multiply more prolifically in areas where the contaminant is present. Mutation and selection may also result in the evolution of microbial strains adapted to utilize environmental contaminants. Consequently, organisms with the highly developed capability to metabolize specific contaminants can be found in contaminated sites. These organisms can be isolated from the microbiological population and cultured for inoculation of other sites or for use in bioreactors. This approach has successfully isolated bacterial strains capable of metabolizing marine crude-oil spills (92), jet fuel (93) , and organohalogens in groundwater aquifers (94, 95) . Organisms isolated in this way have been used in a number of land treatment and bioreactor systems.
In contrast to the selection of genetically able microorganisms found in a natural environment, a number of researchers focus on developing genetically engineered strains of microorganisms where deliberate manipulation of DNA sequences yields capabilities that the organisms did not previously possess. Although genetically engineered microbes hold considerable promise, their use in bioremediation applications will require further study to clarify issues of safety and containment (96) .
Bioremediation Now?
Environmental contamination results in increased health-care costs because many human health problems have an environmental component and, according to some experts, the health-care system is already failing and in crisis (97) . In addition, the loss of biodiversity resulting from degradation of environmental health threatens multibillion dollar global industries, such as agriculture, biotechnology, pharmaceuticals, and nature tourism (98 The methods most appropriate for concentration and containment of pollutants depend greatly on water content. Traditional approaches have involved incineration and wet oxidation with controlled emission in order to capture the contaminants. When the water content is high, these methods do not work well and contaminant concentration by bioaccumulation may be an attractive alternative. In situ bioaccumulation by certain plants is a promising technology for dealing with slowly leaching metal sources such as mine drainage. The bioaccumulating organisms become loaded with toxic substances, and the resulting biomass, whether it is bacterial or plant, must be collected and disposed of before it decays. Bioremediation of radioactive pollutants is a developing field of great importance for the future acceptance of nuclear power. Reviews of the interactions between radioactive substances and microorganisms and microbial products have been published (77, 100, 101 has been confirmed to be successfully restored through pumping and treating" (110) . The implication is that, although pump-and-treat measures may be useul to limit dispersal of a waste plume into the water table, massive excavation of soil is usually required to remove the source of the problem.
A more recently developed bioremediation approach to water treatment is subsurface in situ remediation. The treated water can be nutrient-and oxygenenriched prior to recharge, stimulating aerobic biodegradation of soil-bound, water-insoluble wastes by indigenous soil microorganisms. Actual oxygen content of the water can be boosted by air pumps, or alternative oxygen sources such as hydrogen peroxide may be added. Surfactants and other organic waste desorbing chemicals can also be added to increase waste bioavailability. If a surface bioreactor is used, some portion of the active microbial biomass can be recharged with the water, providing continuous inoculation of the contaminated aquifer and soil. Although stimulation of aerobic metabolism is the objective of most systems, the reinjected groundwater can be enriched with nitrate to stimulate growth and enhance the biodegradative action of anaerobic denitrifying microbes. Recently, this approach has proved effective in degrading the various organic constituents of gasoline, with toxicity reductions comparable to those seen in aerobic degradation (111) . As with in situ soil treatment, the success of subsurface aquifer bioremediation is largely determined by waste and soil characteristics. Soil permeability is especially important to the success of nutrient enrichment and inoculation efforts.
Over the years, a number of lakes and rivers have become seriously contaminated with various industrial wastes in many parts of the United States. In some cases, the sources of pollution have been reduced or even eliminated. Public demand for remediation to a condition safe for fishing and other recreational uses is growing. Unfortunately, technologies for surface water remediation are not nearly as well developed as those for soil or even groundwater. Part of the problem lies in the size of many bodies of water. It is technically and environmentally impractical to divert a large flowing body of water from its course for treatment. Also, as with underground aquifers, the water contamination problem is largely a sediment contamination problem. Many Surface-water bioremediation technologies are largely being developed in place. An ongoing example is the General Electric (GE) site in Fort Edward, New York, on the upper Hudson River. For many years GE legally released PCBs into the river from a plant that manufactured capacitors. When PCBs became priority environmental pollutants in the early 1980s, at least 20 miles of the river bottom were found to be contaminated downstream of the plant. GE began looking for remediation options. In 1991, GE conducted an extensive field research program to characterize natural degradation of PCBs at this site (112) and discovered that the indigenous consortia of microorganisms was exceptionally good at degrading PCBs. Presumably, since the PCBs have been present in this site for a significant time period (at least 35 years), the indigenous microorganisms have adapted to utilize the material as a food source. Both anaerobic and aerobic biodegradation have been identified as part of the natural process of remediation, which can be slow. Field tests in cylindrical caissons sunk into the river sediment at this site have identified the variables that can be manipulated to enhance in situ biodegradation of PCBs. The addition of inorganic nutrients, the organic co-metabolite (biphenyl), and oxygen significantly increased PCB degradation rates. Addition of selected PCB-degrading bacterial cultures did not dramatically improve biodegradative efficiency. No more than 60% of the PCBs was degraded in any laboratory or field experiments, a finding attributed to tight sediment adsorption of the least water-soluble PCB compounds (113) . More information on degradation rates, products, and variability under natural conditions is required for a realistic evaluation of the role that bioremediation may play in this and other surface-water sites contaminated by organic waste.
Humans have long exploited the volume-dilution power of the sea to dispose of unwanted wastes. Although concern about waste accumulation in marine environments is increasing, especially for coastal waters, marine remediation efforts are nearly nonexistent. The notable exception to this rule is crude oil and refined petroleum product spills. Tanker spills account for only 13% of the estimated 3.2 million metric tons of annual marine petroleum hydrocarbon inputs (114) . Yet tanker spills have remained the focus of research efforts related to remediation of marine oil contamination. The potential for truly massive spills from modern supertankers, and the readily visible direct impact on affected areas, have captured the public's attention and sensitized regulatory and industry groups to the local destructive potential of such accidents. Petroleum is a complex mixture of thousands of individual compounds, and the degradation pathways of spilled oil are numerous and complex. Biodegradation, especially by microbes, is believed to be one of the primary mechanisms of ultimate removal of petroleum hydrocarbons from marine and shore environments (114, 115) . Acceleration of this natural process is the objective of bioremediation efforts. Bioremediation has yet to become an established spill-response technology, but some attempts to implement it have been encouraging. The inability of established nonbiological techniques to cope with recent large spills has led to increased interest in bioremediation. Special problems associated with marine oil spills include the uncontained nature of the waste, the potential size of the contaminated area, and difficulty in access for remediative and monitoring activities.
As with other forms of in situ bioremediation, natural biodegradation of marine oil spills may be enhanced by inducing changes in either the microbial population or the availability of microbial nutrients. Most researchers have concluded that nutrient availability is the chief limitation of natural biodegradation and most research has been directed toward enhancing nutrient availability (116) . Marine oilspill cleanups represent some of the largest in situ remediation projects ever attempted. (102) .
Anaerobic microbes degrade organics reductively, eventually resulting in the mineral end product methane. In the case of carbohydrate compounds, carbon dioxide and free hydrogen also are produced. Although they are not usually utilized for routine waste degradation, some anaerobes are very adept at dechlorination of common recalcitrant organochlorine compounds, notably PCBs, organochlorine pesticides, such as DDT, and chlorinated aliphatics, such as the industrial solvent trichloroethylene (TCE) (86, 123, 124) . Thus anaerobic microbial catabolism (sometimes called fermentation) offers a bioremediation option to deal with persistent wastes. Complete anaerobic degradation of wastes, however, may be slow.
The major problem with anaerobic digestion of organochlorine wastes is that biodegradation is often incomplete (at least on a practical time scale) and may result in toxic metabolites. The use of mixed cultures containing both aerobes and anaerobes facilitates mineralization of many organochlorines (125) . In practice, a sequential bioreactor system utilizing both anaerobic and aerobic reactors could be employed. For (133, 134) . Target cleanup goals have been judged to be highly unrealistic in some cases (i.e., exceeding a 10,000-fold safety factor) (135) . At most of these sites remedial efforts are as yet incomplete, and some efforts have had little effect. In some cases, costs are astronomical, e.g., $1 billion at the Rocky Mountain Arsenal near Denver, Colorado (136) . Although there are cases where human health has been a legitimate concern (137), most cleanup decisions appear to be made in the absence of any evidence of adverse human effects (138) .
Although the issues involved are undeniably complex, a considerably improved and enlarged remedial campaign would seem necessary to deal with all identified toxic waste sites in an adequate, responsible, and expeditious fashion. In the meantime, ineffective sewage treatment plants, septic tanks, and improper methods for dealing with farm animal waste are also of great practical concern; and these biologically generated contaminants are also adversely affecting the health of undetermined num 
